Although vortex flowmeters are widely used in various industries, the accuracy of vortex flowmeter measurements depends on inlet flow conditions. In this study, flow fields of a vortex flowmeter with various inflow conditions are simulated numerically. In order to model transient turbulent flows, Large Eddy Simulation and vortex shedding frequencies are determined using fast Fourier transform techniques. To determine the frequency characteristics in the area of downstream of the vortex generator, both steady and unsteady velocity profiles are used as inlet conditions, including two different shear flows and various sinusoidal plug flows. For steady inlet conditions, the flow qualities along the pipe are quantified using a proposed definition to express a velocity profile which departs from a fully developed velocity profile. For unsteady inlet conditions, the predominant frequency pattern is successfully predicted and it is linked to the measurement accuracy of the vortex flowmeter.
Introduction
Vortex flowmeters 1 are widely used in various industries because of their high accuracy, wide measurement range, excellent linearity, resistance to corrosion, and low cost in terms of investment and maintenance. However, the drawbacks of vortex flowmeters are flow disturbances and fluid turbulence in practical applications. Therefore, vortex flowmeters are more sensitive to installation parameters as compared with other flowmeters. Specific requirements ensure accurate flow rates when measurements are taken downstream of valves, diverters, elbows, or converging pipes which may induce considerably flow disturbances. 2, 3 However, many flowmeters are still improperly installed because of spatial limitations or other practical constraints. 4, 5 Tests were performed using flow calibration equipment in the laboratory of Energy Management System Co., Ltd, which has an ISO 17025 accreditation. 6, 7 The experimental results showed that some upstream pipeline configurations can produce unacceptable measurement errors in the vortex-type flowmeter, and the measurement accuracy of the vortex flowmeter depends on the qualities of the incoming flows more than other types. Therefore, in order to achieve accurate measurements of a vortex flowmeter, adverse effects such as poor inflow conditions caused by improper installation must be studied and understood.
It is impractical to develop a set of general criteria for quantifying the effectiveness of a vortex flowmeter installation due to the various meter-dependent measuring characteristics which could only be verified by performing extensive experiments. Many experiments have been carried out to study the effects of installed flowmeters in the past decade. 8, 9 For example, wind tunnel experiments have been used to produce uniform upstream flows to study flow fields. In reality, however, most upstream flow fields are three-dimensional (3D) and non-uniform. Miau et al. 10 studied the uncertainties in vortex flowmeter measurements and found that the accuracy of flowmeters is significantly affected by upstream flow conditions in a 3D non-uniform flow field. Hsiao and Chiang 11 found two to three constantfrequency vortex cells in the shedding vortices generated along the spanwise direction of a tapered circular cylinder. The above-mentioned studies suggest that the vortex shedding characteristics of a bluff body are substantially affected by upstream flow conditions. 12 Numerical simulations in engineering applications are becoming very popular in various industries because of rapid progresses of computer software and hardware. Computational fluid dynamics (CFD) analyses are widely used to predict the flow fields for engineering design features and to extrapolate experimental limitations. The SIMPLE algorithm developed by Patankar 13 for solving incompressible flow was used in this study. 14 A CFD code is useful only when the predictions of a set of parameters of a certain flow field are validated by experiments. In order to generate a turbulent wake for vortex flowmeter measurements, a turbulent flow with a Reynolds number higher than 300 is required. 15 Therefore, turbulent flow must be modeled in numerical simulations of vortex flowmeters for a flow with a high Reynolds number in present applications.
ANSYS FLUENT CFD code is used in this study to solve the turbulent flow field when a vortex flowmeter is installed in a pipe with different inflow conditions. This study analyzed several inflow conditions at the entrance of the pipe including a fully developed flow, two shear flows, and various sinusoidal plug flows. The effects of various inlet flow conditions on the predominant frequency shift, which affect the accuracy of the vortex flowmeter, are also determined. In this article, governing equations and boundary and initial conditions are described in section ''Theoretical methods.. Numerical treatments for simulation are provided in section ''Numerical simulations'' with verification by grid independent tests and validation with experiments. Numerical results and discussion are stated in section ''Results and discussion'' and conclusions are summarized in section ''Concluding remarks.''
Theoretical methods
The CFD simulation is simplified as a transient incompressible turbulent flow with no heat generation. Noslip boundary conditions are used on the walls of the pipe and the vortex generator.
Governing equations
A general transport equation, in conservation form, for mass and momentum in the 3D Cartesian coordinate system is described as follows 13, 16 
where S is the source term of the pressure gradient and the gravitational force and G is the diffusion coefficient. The first term shows the transient characteristic of this problem. The symbol f can be replaced by 1 for the continuity equation, and u, v, and w are the momentum equations in the X-, Y-, and Z-directions, respectively. Since the fluid used in this study is water, the density is assumed to be constant in the flow field. Equation (1) can be expressed in generalized coordinates using the finite volume method for numerical simulation. This study uses Large Eddy Simulation (LES), which is one of the computational tools for studying turbulent flow fields.
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The inlet flow conditions described below are used to determine the effect of inflow conditions on the measurement accuracy of a vortex flowmeter, and they are specified at half of the pipe diameter upstream of the vortex generator. In this article, a one-seventh powerlaw velocity profile as expressed in equation (2) is used to simulate a standard fully developed turbulent flow in a sufficiently long pipe
where n is a velocity profile index which depends on the Reynolds number, V c is the velocity along the pipe center line, r is the radial coordinate and R is the radius of the pipe. In this study, the values, V c = 4.244 m/s, n = 7, and R = 0.075 m, have been given to make sure the inlet volume flow rate (0.0636 m 3 /s) is conserved for the uniform velocity ( V = 3:6 m=s), the power-law velocity of equation (2) and the experimental data.
A distorted flow caused by a specific upstream piping configuration is simulated using equation (3) to express a shear velocity profile varying in the spanwise direction at the inlet
where shear flow conditions are analyzed with the upstream velocity (x-direction) varying in a spanwise direction (y-direction), or in a transverse direction (zdirection), with respect to the vortex generator.
In addition to the disturbance caused by the piping configuration, unsteady plug flows with a sinusoidal axial velocity variation are simulated using the equation
where v indicates the exciting angular frequency (2pf), e is the amplitude of the fluctuation, and t is the time for the transient simulation. Equation (4) derives the time-varying inflow velocity distribution by manipulating the exciting frequency and the amplitude of the sinusoidal fluctuation. In this study, V c is a constant value and equation (4) represents sinusoidal plug flows. In experimental measurements, the predominant vortex shedding frequency is determined by the load signals from a pressure sensor located downstream of the vortex generator. The proposed numerical method acquired the waveform of total lift coefficient (Cl = L=(0:5rV 2 A); L is lift) by directly integrating the surface of the vortex generator over a time period. A fast Fourier transform (FFT) technique is then used to compute the power spectral density of the liftcoefficient variation and the predominant frequency can be determined for analysis.
Determination of flow qualities
Pipe fittings located upstream of the flowmeter inevitably cause distortion of the flow field, and accordingly affect the measurement accuracy of the flowmeter. To quantify the distortion in the upstream flow field, this study uses a method developed by Miau et al. 20 Therefore, the numerical form for the departure from the axial velocity profile over a cross-sectional plane of the pipe can be written as
where i denotes the grid index in the radial direction, m is the total grid number, A is the cross-sectional area of the pipe, DA i is the area of the ith grid, (U x ) i denotes the mean axial velocity at grid i, and (U o ) i is the mean axial velocity based on a fully developed flow. According to this definition, the term, DV Ã , expresses the velocityprofile departure from a fully developed flow. Thus, DV Ã represents the degree of velocity distortion at a specific location as compared with a fully developed flow at a specific Reynolds number. In this study, DV Ã is used to determine the departure from the fully developed flow for steady shear flows.
Numerical simulations
To determine the relationship between flow inlet and shedding vortex, the signal generated by the vortex generator is numerically analyzed to obtain the frequency characteristics of the vortex meter.
Validations of the computer code
In addition to this simulation methodology validated by reproducing canonical Karman vortex shedding behind a circular cylinder, a commercially available VK150 vortex flowmeter is used for numerical validation. This flowmeter has an inner diameter of 150 mm and an internal trapezoidal cylinder with a characteristic width of 42 mm as shown in Figure 1 . To achieve reasonable boundary conditions far upstream and downstream in simulations of the flowmeter, the computational domain is established by connecting a hollow pipe at both ends of the flowmeter. Figure 2 , which is the solid model obtained by computer-aided design (CAD) software, shows that the lengths of added pipes are 0.5 times the diameter at the front end of the flowmeter and 1.5 times the diameter at the rear end. For clarity, Figure 2 shows the Cartesian coordinate set at the inlet of the flowmeter, where the origin of the coordinates is located at the center of the pipe. The X-axis is the direction of the axial flow along the pipe, the Yaxis is the spanwise direction of the vortex generator, and the Z-axis is the transverse direction with respect to the vortex generator.
For a standard case in this study, the inlet flow is assumed to be fully developed as shown in equation (2) . The value of V c in equation (2) is determined using a mass flow rate with an average velocity of 3.6 m/s, which is the typical operational velocity for the considered vortex flowmeter and is equivalent to a Reynolds number of 5:38 3 10 5 . The Reynolds number is defined as Re = rVD/m, where r is the density of the fluid, V is the average flow velocity, D is the inner diameter of the pipe, and m is the dynamic viscosity of the fluid. The outflow boundary condition is set for zeroorder extrapolation of the related flow properties. Noslip condition is applied to all surfaces, including those of the inner pipe wall and the vortex generator. The following numerical techniques are then used to obtain stable and accurate solutions:
1. The vortices generated from a two-dimensional (2D) circular cylinder become turbulent when Reynolds number exceeds 300. 15,21 Therefore, the standard k-e turbulence model is provided to approximate the Reynolds stresses without time evolution. The obtained data are then imported to the solver for LES as the initial conditions for transient calculations. This procedure is found to yield rather stable calculation results. According to the literature, LES has a great potential for calculating these complex flows. 19 In this study, LES is activated at the beginning of calculation when the time evolution for vortex formation is studied. Smagorinsky-Lilly model is used for subgrid model in LES and the Smagorinsky constant is set to be 0.1. At the inlet boundary, turbulence intensity is estimated based on the Reynolds number and expressed as I = 0.16 Re
. 18 2. In order to effectively compute the present flow fields, the flow domain is divided into smaller subdomains. Structured hexahedral grids are adopted to build the mesh surrounding the vortex generator. Around the generator, mixed grid types are used to fit the space inside the pipe. Additionally, finer grids are imposed along the boundary wall to resolve the turbulent boundary layer and the grid scale relative to viscous scale is calculated to be of approximately two orders of magnitude. Figure 3 shows the calculations for the grid independence check. The non-dimensional frequencies, f*/f, from different grid systems approach to 1, where f* is the experimental value for comparison and f is acquired by doing FFT for the evolution of Cl over the elapsed time. The calculations show that 0.95 million grids are suitable for the study. 3. When ANSYS FLUENT solves the timedependent equations using an implicit formulation, multiple iterations may be necessary at each time step. Users have to set a maximum parameter for the number of iterations per time step. If the convergence criteria are met before this number of iterations is performed, the solution will advance to the next time step. The maximum parameter for the number of iterations per time step must be carefully specified to avoid error propagation in the calculations. A globally scaled residual of 5 3 10 À4 is used to check the absolute convergence criteria for each time step. 16 4. Time step for the calculation must be sufficiently small for an adequate resolution in the time domain and for an accurate determination of the predominant frequency by a FFT algorithm. In this study, the time step is set to be 0.001 s and the time-step scale relative to the small-eddy time scale is calculated to be of approximately two orders of magnitude. The Cl plot of 4000 points is performed by the FFT to obtain frequency spectra for each case. Figure 4 shows the numerical results obtained from the implicit time integration method by comparing with the experiment with a time step of 0.001 s. A typical frequency for vortex shedding in present cases is approximately 20 Hz so that a time period is set to be approximately 0.05 s. Therefore, 50 calculation steps are needed to resolve a single complete cycle of vortex shedding. 5. The time history of the induced lift is used in the FFT to obtain a predominant frequency for vortex shedding. If conventional FFT is used to evaluate the spectrum for a data string with a non-sinusoidal part, the resulting spectrum has an exponentially decaying envelope. The data for the low-frequency part are highly contaminated. Similarly, the non-periodic condition often yields an adverse contribution. Therefore, an iterative filter proposed by Jeng et al. 22 is used to remove the non-sinusoidal trend and reduce the error induced by the non-periodic condition.
Comparisons between the numerical and experimental data for the standard case are shown in Figure 4 . The standard case uses a fully developed velocity profile as the inlet condition and is denoted as Case A. The Strouhal number is defined as St = fd/V, where f is the predominant vortex shedding frequency and d is the width of the front face of the vortex generator. The experiment is performed in a laboratory with an ISO 17025 accreditation by Taiwan Accreditation Foundation. 7 The machine error for the experiment is within 2% (error bars in Figure 4 ). The error bars on the CFD results to show the deviations between the fitted curve and individual calculated points are also included in Figure 4 (maximal relative error, ;5%). Generally, the numerical and the experimental values for the Strouhal numbers are consistent for the range of Reynolds numbers. Figure 5 shows the animated frames of the coherent structure of vortex shedding in a time period, T, on the central plane, that is, the X-Z plane at Y = 0, for this standard case. Figure 6(a) shows the sketch of the inlet flow for the benchmark Case A, which is used to derive a suitable grid distribution and number for the remaining numerical experiments. 
Numerical experiments
The standard case was used as a reference in several comparisons of the effect of upstream flow conditions on vortex shedding for the vortex flowmeter. Sinusoidal plug flows, that is, V = V c + eV c ½sin (vt), with fluctuating frequencies and amplitudes at the same flow rate, are used to determine the effect of streamwise inlet velocity. Case C is a steady plug flow with an average velocity inlet, e = 0 and V = 3.6 m/s. Cases C1, C1, and D show the effect of various velocity amplitudes as compared with Case C. Case D is chosen as a reference case, with v = 2pf = 140 and e = 0.5, which is equivalent to a frequency of 22 Hz. Cases D1-D5 represent the similar sinusoidal plug flows with the same amplitude of velocity fluctuation under different frequencies. Table 1 summarizes the details for all plug flows.
Results and discussion
Single-precision calculations are performed with ANSYS FLUENT in two networked desktop computers. In each computer, a four-core CPU runs the parallel calculations by sharing memory allocations on the local machine. Nevertheless, the hardware still requires approximately 1.5 days because simulating unsteady turbulent flow is very time-consuming.
Shear flow at inlet
Since the Strouhal number for vortex shedding is invariant for a uniform flow passing through a 2D cylinder, this study investigates whether shedding frequencies vary along the vortex generator for the upstream shear flow conditions, that is, Cases B1 and B2. Table 2 shows the local predominant vortex shedding frequency for Case A in each region for a fully developed upstream velocity. Each region has the same reference 
The value of v = 140 for the standard case D is equivalent to the shedding frequency of 22.29 Hz.
frequency of 22.1 Hz, which is the value in the central region in Case A, but regions 4 and 5 have minor deviations. Visualizing the flow animation on the test plane in each corresponding region shows that the vortex flow structures are very similar. Therefore, when the upstream flow is fully developed, the circular boundary of the pipe wall does not substantially affect the local vortex shedding frequency along the spanwise direction of a vortex generator with a constant cross section. It is postulated that these minor deviations in the lower portion of the tube result from the combined effects of the circular wall, gravitational force, and numerical errors. Figure 7 shows the time histories for the lift coefficients across the surface of a vortex generator in regions 1, 3, and 5, for Case A. In each region, the shedding frequency is very similar, and phase lag is minimal. Figure 7 (a) clearly shows that oscillation occurs at 0.1 s and stabilizes at 4.0 s as shown in Figure  7 (b). For a shear flow at inlet, Cases B1 and B2 simulate flows that are distorted by upstream piping configurations. For the shear flow in the Y-axis, Case B1, the velocities generated form the vortex generator vary substantially at the two ends. Velocity is highest in region 1 and lowest in region 5. Since the Reynolds number differs in each region, the axis of the shed vortex inclining relative to the vortex generator is expected. 23 Table 2 shows that the shedding frequencies in regions 1-4 (23.3-23.4 Hz) are higher than that in region 5 (20.1 Hz). Figure 8 shows the velocity contours for Case B1 on the central planes for regions 1 and 5 at 0.5 time period. The velocities in region 1 are lower at downstream of the vortex generator, but the velocities in region 5 are comparatively higher. This indicates that momentum changes cause flow mixing in the Y-axis from upstream to downstream. Figure 9 shows the time histories for the lift coefficients on the surface of the vortex generator in regions 1, 3, and 5, for Case B1. The shedding frequencies in regions 1 and 3 are very similar, and the phase difference does not significantly differ by regions. However, the Cl waveform in region 5 lags behind the Cl waveform in region 1 or 3 by some phase angle.
For Case B2, the inlet velocity profile is variable in the Z-axis. Therefore, the velocity contour in Figure 10 shows that the flow pattern is highly asymmetrical on the Z-X plane for each region. In this shear flow field, the oncoming flow momentum upstream of the vortex generator is highly biased. Moreover, the velocity contours show that vortex shedding downstream of the vortex generator in Case B2 is more coherent than that in Case B1 on the Z-X plane. Figure 11 shows that in the resulting structure, shear flow along the spanwise direction of the vortex generator causes a slight change in the predominant frequency. It is noted that the spectral energy of the shedding vortex is weakening in Figure 11 (b). Figure 12 shows the evolution of the predominant frequency, normalized to a experimental value of f* = 22.1 Hz, with respect to the elapsed flow time for Cases B1 and B2, and it explains why the flow structure for Case B2 is expected to resemble that for Case A. The evolution of the normalized frequency for Case B1 changes noticeably and deviates from the reference line, f/f * = 1, especially in region 5, which is near the wall boundary. For Cases A, B1, and B2, Figure 13 further shows how equation (5) is used to obtain the departure from axial flow velocity along the pipe and upstream of the vortex generator. The abscissa in Figure 13 denotes the normalized position away from the forward face of the vortex generator along the pipe centerline. Since both profiles are compared with a fully developed velocity profile, the departure diminishes as represented by a dash line. At far upstream of the vortex generator, DV* for Cases B1 and B2 is slightly higher than 0.5. The value of DV* decreases slightly as the flow approaches the vortex generator. The flow qualities deteriorate substantially near the front face of the vortex generator. Obviously, the departure from DV* for Case B1 is greater than that for Case B2, so Case B2 is more likely to be fully developed. These departures from DV* in Figure 13 are related to the evolution of the deviation in the predominant frequency in Figure 12 .
Unsteady plug flows with sinusoidal profiles
Unsteady inlet flows, in terms of the frequency and amplitude variations, are used to determine the effect of environmental disturbance on vortex shedding for the vortex flowmeter. The benchmark Case C is a plug flow with a uniform flow with a velocity of 3.6 m/s, and it yields the same flow rate as the other cases. Figure 14 shows the frequency spectra for region 1 (left) and region 3 (right). Computational results showed that the predominant frequencies slightly differ from those for Case A in regions 1 and 3. Moreover, Cases C1 and C2 in Figure 15 and Case D in Figure 16 , in which the value, v = 140, is related to the predominant shedding frequency generated in Case C. Cases C1, C2, and D are used to determine the effects of varying amplitude of the sinusoidal inlet flow on the predominant frequency in comparison with Case C. In Case C1, inlet flow amplitude is low, and the predominant frequency slightly changes (from 21.9 to 22.3 Hz) in region 1, but background noise increases in the frequency spectrum. In this case, inlet flow fluctuation is not sustained and does not substantially affect the downstream flow structure or the original predominant frequency. For Case C2, however, in which the inlet flow amplitude increases and the predominant frequency changes from 21.9 to 16.7 Hz in region 1, the frequency spectrum is very different from that for Case C. For Cases C1, C2, and D, Case D with v = 140 and e = 0.5 has the largest amplitude and is chosen as the typical case for further comparisons. Figure 16 shows the frequency spectrum for Case D. It is interesting to note that the predominant frequency in region 1 is 11.1 Hz in Case D, and no predominant frequency is found in region 3. In the left side of Figure 16 , the third and the fifth harmonics appear at 33.5 and 55.7 Hz, respectively, in addition to the predominant frequency. Table 3 shows the frequency characteristics for Case D along the entire generator. The table shows that all regions except region 3 have distinct predominant and harmonic frequencies (brackets). Obviously, the unsteady inlet flows predominantly affect the vortex shedding frequency if the amplitude is high enough to enhance the flow structure. When the exciting frequency for the inlet flow is 22.29 Hz (v = 140), the push-forward flow (11.1 Hz) enhances one vortex shedding of the vortex street. Thus, the predominant frequency is 11.1 Hz rather than 22.29 Hz, since each cycle has a pair of shedding vortices. Note that odd-numbered multiples of the first harmonic frequency are present in Figure 16 , presumably due to the fact that the present phenomenon is very similar to the acoustic principle for a closed-end column. In Figure 2 , the physical model used for the simulation has two boundaries, one of which is the given inlet velocity profile as a closed end, and the other of which is treated as an outflow as an open end. Specifically, a closed-end instrument does not possess even-numbered harmonics. Since only odd-numbered harmonics are produced in Figure 16 , the frequency of each harmonic is an odd-numbered multiple of the frequency of the first harmonic. 24 Figure 17 shows the frequency spectra for Cases D1 (the first row), D2 (the second row), D3 (the third row), D4 (the fourth row), and D5 (the fifth row) in region 1 (left column) and region 3 (right column). For v = 35, that is, the lowest value in all cases, the coherent structure of the vortex shedding is weak, and the predominant frequency is indistinct in region 1 and region 3 (first row in Figure 17 ). However, when v = 70, the predominant frequency becomes distinct in region 1 and region 3 and background noise is increased (second row in Figure 17 ). The predominant frequency, 22.3 Hz, is likely related to that for Case C. Interestingly, the predominant frequency for Case C disappears when v exceeds 140. Harmonics related to inlet sinusoidal frequency are also observed in Cases D3 (at inlet: v = 137.5, f = 21.9), D (at inlet: v = 140, f = 22.3), D4 (at inlet: v = 210, f = 33.4), and D5 (at inlet: v = 280, f = 44.6). Notably, the predominant frequency for vortex shedding is half the sinusoidal exciting frequency of the inlet velocity, for each case. That is, f = 11 for Case D3, f = 11.1 for Case D, f = 16.7 for Case D4, and f = 22.3 for Case D5. Again, since the coherent structure of vortex shedding is apparently dominated by inlet flow features, the predominant Figure 12 . Evolution of the deviation in the predominant frequency for shear flows at inlet. frequency drops to one half of the value for the inlet as described previously. Figure 18 compares the spectral energy for Cases C and D5 in region 3. Case D5 reveals a distinct predominant frequency and other harmonics resulting from unsteady inflow conditions, which were also observed in the case of a closed-end pipe in acoustics.
Concluding remarks
Accurately acquiring the predominant frequency of vortex shedding behind the vortex generator is vital for vortex flowmeter applications. This study performed a series of numerical experiments to determine how various inlet flow conditions in a pipe affect the characteristics of the predominant frequency downstream of the vortex generator in the specific vortex flowmeter. Two shear flows are used as steady boundaries at inlet for comparing flow qualities. Simulations show that vortex shedding stabilizes at 4 s. For the shear flow in the spanwise direction at the inlet, the flow quality upstream of the generator is worse because of momentum exchanges from upstream to downstream as well as along the generator. For the shear flow in the transverse direction, the downstream vortex shedding of the vortex generator is more coherent, the evolution of the normalized frequency is more stable, and its velocity profile upstream of the generator is more fully developed. For unsteady plug flows, the effects on the predominant frequency of vortex shedding are determined in terms of the exciting frequency and amplitude variations at inlet. Comparisons show that background noise in the frequency spectrum increases as amplitude increases, and if the original predominant frequency is changed, harmonics frequencies may appear accordingly. Besides, setting the amplitude at one half of the average velocity results in a distinct predominant frequency as the exciting frequency approaches the original predominant frequency. The predominant frequency is one half of the sinusoidal exciting frequency if the exciting amplitude is high enough to enhance the flow structure. Notably, multiples of the first harmonic frequency are odd-numbered. This phenomenon is very similar to that in a closed-end column in acoustic, in which the frequency of each harmonic is an odd-numbered multiple of the frequency of the first harmonic. 
